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Sea-level rise is a concern for the future of coastal marsh obligate species such as
the Clapper Rail (Rallus crepitans). Clapper Rails possess the potential to indicate
changes to marsh ecological state due to population variation related to habitat features
exhibited in previous study. Estimates for Clapper Rail survival are among the key
missing parameters to create predictive models for Clapper Rail populations. I estimated
Clapper Rail survival using data collected from six automated telemetry towers located in
two Mississippi marshes. Thirty adult rails were harnessed with radio transmitters around
telemetry towers to provide evidence of a rail’s status, alive or dead. Using survival
estimates in conjunction with existing empirical data, I created an individual-based model
that incorporated existing Sea-level Affecting Marsh Models, which predict changing
land cover. These models showed that Clapper Rails will likely persist, though at
decreased populations, through changes in habitat due to sea-level rise.
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CHAPTER I
INTRODUCTION
Clapper Rails (Rallus crepitans) are a relatively common, yet secretive, marsh
bird of brackish and saltwater marshes along the Gulf of Mexico and Atlantic coast of
North America. Although once considered to inhabit the East, Gulf, and West Coasts of
North America, this species was recently split phylogenetically, separating the continentwide Rallus longirostris into a western species, the Ridgway’s Rail (Rallus obsoletus),
and the eastern Rallus crepitans (Maley and Brumfield 2013). Among Clapper Rails
there are several recognized subspecies, with changes to their organization being
considered following the split of Clapper and Ridgway’s Rail. Northern Gulf Coastal
Clapper Rails carry the infraspecific epithet saturatus, with their next closest spatial
conspecifics R. c. scotii and R. c. insularum, subspecies that inhabit coastal areas of
Florida. Aside from Florida, the southern Atlantic Coast is home to R. c. waynei, and the
Atlantic Coast, above North Carolina, is inhabited by the subspecies R. c. crepitans (Pyle
et al. 2008, Maley and Brumfield 2013). Clapper Rail subspecies also extend to the
Caribbean Islands, where they are split into three subsequent subspecies R. c. coryi, R. c.
leucophaeus, and R.c. caribaeus (Maley and Brumfield 2013).
Communication among many rail species, including R. crepitans, is largely
through vocalization rather than methods of display, presumably due to the dense
vegetation that characterizes the coastal systems they inhabit (Rush et al. 2018, Sibley et
1

al. 2009). Clapper Rails are known to make a variety of vocalizations, many of which can
be heard throughout the year (Rush et al. 2018), including clatter, kek, squawk, and hoo.
Calls typically considered to be exclusively heard during the breeding season include the
kek-burr and kek-hurrah, which are thought to correspond with mate attraction and
territorial communication (Conway 2011).
Clapper Rails have a laterally compressed body, similar to other members of the
family Rallidae, which may be the source of the phrase “thin as a rail” (Sibley et al.
2009). Clapper rails are a large rail weighing roughly 160–400 g and are 32–41 cm in
length, varying substantially across their range (Pyle et al. 2008, Perkins et al. 2009).
Clapper Rails vary in bill and plumage coloration with Atlantic coastal Clapper Rails
tending to be darker brown and grey, lacking the more rufescent breast, back, and flight
feather coloration of Gulf of Mexico birds (Pyle 2008). Males average larger than
females by mass and linear measurements such as wing chord, bill length, tarsus length,
and tail length (Pyle et al. 2008, Rush et al. 2018).
The degree of Clapper Rail migratory behavior varies among populations. It is
currently unclear which populations do migrate and if so, how far they travel. Many
northern Atlantic populations have been shown to migrate south in the wintering season,
but there is no evidence for a clear latitudinal line at which Clapper Rails choose to
migrate (Rush et al. 2018). It is also unclear where migrant Clapper Rails winter, and
there are only limited accounts of northern subspecies being found on southern wintering
grounds, typically from coastal North Carolina and further south (Adams and Quay 1958,
Crawford et al. 1983). Even among local populations, where migration appears to be the
dominant strategy, there are sometimes individuals that choose to remain on the breeding
2

grounds throughout winter (Meanley 1985). Southeastern population movements in the
non-breeding season remain largely undocumented. It is anecdotally thought that Clapper
Rails of the southeastern United States do not make winter migratory movements (Rush
et al. 2018), though erratic dispersal after the breeding season has been documented in
Florida (Crawford et al. 1983).
Estimates of seasonal and annual survivorship for Clapper Rails of the Gulf Coast
of the United States are needed to estimate their population dynamics and inform
conservation efforts that allow Clapper Rails to adapt to change in coastal habitat due to
sea level rise and other factors. Many vital life history metrics for Clapper Rails come
from the formerly conspecific Ridgway’s Rail (Eddleman 1989), which is concerning for
several reasons. The most studied subspecies of Ridgway’s Rail are threatened and
endangered making the applicability of their known rates to eastern populations
questionable. Many studies that quantify mortality in Ridgway’s Rail have been
conducted in areas of drastic habitat loss, invasive plant species, and environmental
contamination (Ackerman et al. 2012, Overton et al. 2014) raising uncertainty for the
applicability of their vital rates to other populations. This is exemplified by the difference
in Clapper Rail ecology even among marshes in the same geographic regions, which has
been shown to differ between geographically adjacent, though functionally different salt
marshes (Rush et al. 2009a, 2010c). Species distribution models created for Clapper
Rails on the Atlantic coast also were shown to be poor predictors for other Atlantic marsh
sites (Roach et al. 2017).
Although little is known about Clapper Rail lifespan and survival rates, various
other life history characteristics have been studied throughout their range. Clapper Rails
3

have been observed to increase in occupancy in relation to increasing water interspersion
of emergent marsh vegetation, such as black needle rush (Juncus roemerianus) (Rush et
al. 2009b). Prey and habitat between two functionally different, but adjacent, marshes
have been shown to affect the home range and daily movements of Clapper Rails (Rush
et al. 2010a). Additionally, nesting habitats differ between these two marsh systems in
regards to nest height and nest success (Rush et al. 2010c). Clapper Rails also show a
difference in diet composition, prey source, and niche width between marsh systems,
which is suggested to be the result of differing hydrological conditions and resulting
primary production (Rush et al. 2010b).
Clapper Rails are able to persist in marsh complexes that are frequently inundated
due to storms and often disturbed drastically by hurricanes from flooding, high winds,
and movement of wrack and sediment. Among Clapper Rails in two Gulf Coastal marsh
systems, abundance declined by 70% post Hurricane Katrina, yet recovered to prehurricane numbers after several years (Rush et al. 2018). Another example of post
hurricane response was observed after Hurricane Frederic hit the coast of Alabama in
1979. There, Clapper Rail densities recovered to pre-storm estimates over several years in
13 of 15 sites studied (Holliman 1981). Clapper Rails are very productive and do not
invest much in parental care, following patterns typical of an ‘r-strategist’ species.
Because Clapper Rails appear to be able to respond relatively quickly numerically to
disturbance, it raises the question of whether or not they would be a good indicator of the
integrity of the ecological state of the coastal systems they inhabit. Clapper Rails have
been suggested as an indicator species previously, particularly in conjunction with larger
scale pollution events because populations apparently tolerate significant contamination
4

impacts, though at measurable differences in reproductive success, population size, and
body condition to unaffected populations (Novak et al. 2006). Clapper Rails have also
exhibited declines in abundance due to loss of habitat on the Atlantic Coast, where they
are suggested as a potential indicator species (Field and Elphick 2014). From the west
coast of the United States comes evidence that closely related Ridgeway’s Rail also show
declining populations concomitant with loss of habitat and pollution (Overton et al.
2014).
Throughout the Clapper Rail’s range, sea level rise and urbanization pose threats
to extent and distribution of coastal wetlands. The Gulf of Mexico contains 62% of North
American tidal marshes and is potentially more susceptible to loss due to sea level rise
(SLR) than other North American tidal wetlands (Woodrey et al. 2012). As of 2004, 80%
of losses to tidal marshes in the United States have occurred in the Gulf of Mexico
(Stedman and Dahl 2008).With models predicting an acceleration of SLR in the next
century (Church and White 2006), changes in marsh ecotypes may occur rapidly and
could reduce the probability of Clapper Rails population persistence. There are several
coastal processes hypothesized to cause changes in the distribution and extent of tidal
marshes (Woodrey et al. 2012). Coastal marsh habitat will potentially be lost at a rate
faster than it can form inland (Doody 2004), or by running into barriers, such as changes
in elevation, roads, buildings, and bulk-headed shorelines, to inland formation (Brinson et
al. 1995). These barriers are considered one of the most immediate threats to coastal
marshes due to accelerated SLR (Battaglia 2012, Eddleman et al. 1988), as this will result
in loss of habitat and changes in vegetation structure. Facilitating these changes are an
increase in the duration and extent of salt water inundation from tides and flooding,
5

potentially resulting in changes in the plant community. S. alterniflora, in particular, is
more tolerant of salt water inundation than many other plants, including J. roemerianus
and may lead to a decrease in habitat diversity and alter the structure that is currently
found along the Northern Gulf Coast (Woodrey et al. 2012). With increased periods of
tidal inundation there is also the potential for decreased periods of quality foraging time
and lower nesting success (Hughes 2004). While most predicted changes appear negative,
there is a possibility for changes that may facilitate Clapper Rail population persistence.
With increased inundation, there is the potential for increased interspersion, to which
Clapper Rails respond positively (Rush et al. 2009b). Inundation may also increase
mudflats, which are key areas for fiddler crabs (Uca spp.). Due to their heavy reliance on
fiddler crabs as a food source in the breeding season, Clapper Rails would respond
positively to increased fiddler crabs, and mudflats as a key feeding area (Rush et al.
2010b, a).
Avian conservation efforts in Gulf of Mexico salt marshes would benefit from the
identification of species that can act as sentinels of change. Population models represent
one opportunity to assess species response to predictions of future change, using existing
demographic parameters and habitat associations, to predict a species response to changes
in habitat. The IBM results under various scenarios of SLR are intended to inform
decisions for future management of the Northern Gulf Coast marshes based on changes in
predicted bird abundance. IBMs can show how Clapper Rail abundance in these systems
will change through time due to perturbation from SLR, and indicate the level of effect
that changes in demographic parameters may have on rail abundance. The creation of
IBMs from locally acquired estimates of adult survivorship and abundance provide a
6

promising opportunity to address potential future changes, and provide managers with a
tool to predict population level consequences due to SLR. This can be accomplished
through the availability of an existing model framework, which can be updated with new
or localized data and estimates of vital rates and available habitat. The model sensitivity
of abundance to specific model parameters, such as juvenile survivorship, can be
evaluated for the development of management strategies addressing these target
parameters and projected changes.
To evaluate the potential impacts of sea level rise on emergent tidal marshes, and
in particular a potential indicator of marsh condition, the Clapper Rail, I developed two
primary objectives. These objectives included: 1) develop estimates of Clapper Rail
annual survival and 2) use these estimates, along with other parameter estimates from the
same geographic region, in individual-based models (IBM) to predict Clapper Rail
response to projected changes in sea level rise. Fieldwork for this project was carried out
in two emergent salt marsh systems, the Grand Bay National Estuarine Research Reserve
and the Pascagoula River Marshes Coastal Preserve, both in Jackson County, Mississippi
(Figure 1.1), across multiple breeding and non-breeding seasons to determine if sites
and/or season affected rail survival, and our ability to generate annual estimates from data
collected across multiple years to account for variation that may occur between years.
Survival estimates were incorporated in an individual-based model intended to simulate
Clapper Rail population dynamics with the goal of assessing their response to sea level
rise as predicted by Sea Level Affecting Marsh Models (SLAMM).
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Figure 1.1

Locations of the Grand Bay National Estuarine Research Reserve and the
Pascagoula River Marshes Coastal Preserve in Jackson County,
Mississippi, USA.
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CHAPTER II
ESTIMATES OF CLAPPER RAIL (RALLUS CREPITANS) ANNUAL
SURVIVORSHIP IN TWO MARSH SYSTEMS OF THE
NORTHERN GULF OF MEXICO
Introduction
Rates of sea level rise (SLR) have increased in many areas of the world, as
compared to historic rates, and are predicted to continue increasing over the next 100
years (Church and White 2006, 2011; Engelhart et al. 2009, Gehrels and Woodworth
2013, Horton et al. 2014). Rates of modern SLR increase have been shown to be related
to increases in global temperature (Kemp et al. 2011), and the uncertainty of SLR
predictions are linked to melting of ice sheets and mitigation of greenhouse gas emissions
(IPCC 2013). Predictions of the extent of salt marshes lost across the world may reach 46
– 60% by 2100 under conservative estimates of SLR, but could be as high as 78 – 90% if
mitigation efforts towards anthropogenic climate change are not undertaken (Crosby et al.
2016, Spencer et al. 2016). In lower SLR rate scenarios, micro-tidal wetlands (i.e., < 1 m
tidal range), such as those located in the northern Gulf of Mexico, are expected to face
significantly greater change in hydrology as well as other physical and chemical
attributes relative to macro-tidal wetlands (Spencer et al. 2016).
Predictions of the extent of tidal marsh that will be lost within northern Gulf of
Mexico tidal systems over the next century, as well as the rate at which this marsh will be
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lost, vary with estimates of accretion, changes in vegetation structure, and freshwater
inputs (Craft et al. 2009, Van De Pol et al. 2010, Kirwan and Megonigal 2013, Raabe and
Stumpf 2016, Vitousek et al. 2017). Current rates of sea level rise (SLR) for this area are
2 – 3 mm/yr, on average five times that over the last four thousand years (Anderson et al.
2014), with predictions of sea level rise between 0.7 and 1.2 m by the year 2100 if global
warming at current rate is not mitigated (Horton et al. 2014). This suggests that
pronounced changes will occur within these marsh systems, likely affecting the species
and communities of endemic organisms (Greenberg et al. 2006, Conroy et al. 2010,
Watson et al. 2016).
Clapper Rails (Rallus crepitans) are a relatively common, yet secretive, marsh
bird of coastal marshes along the Gulf of Mexico and Atlantic of North America. The
extent of emergent salt marsh currently available to Clapper Rails through much of the
northern Gulf of Mexico are already restricted through SLR, urbanization, and coastal
squeeze (Doody 2004, Greenberg et al. 2006, Correll et al. 2017). It is anticipated that the
rate these tidal marsh systems are converted to tidal flats and open estuarine waters will
increase in the future (Church and White 2011, Wu et al. 2017). Consequently, Clapper
Rail’s ability to respond to biotic and abiotic changes associated with the loss of this
marsh, and their persistence within these systems, will likely be affected (Conroy et al.
2010, Woodrey et al. 2012). A recent Gulf Coast vulnerability assessment (Watson et al.
2016) has highlighted Clapper Rail as vulnerable to SLR, indicating the current perceived
threat to this species is ‘moderate’ to ‘high’, based on projected habitat loss and
fragmentation, increased storm surge and hurricane frequency, and adaptive capacity.
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There is a diversity of wetland types along the northern Gulf Coast of the United
States. Plant structure within these marshes is determined largely by tidal influence,
freshwater input, and sedimentation, physiochemical properties that vary between marine
driven and river driven systems (Battaglia et al. 2012, Woodrey et al. 2012). In the
northern Gulf of Mexico, riverine and marine driven systems are common, yet these two
systems differ in salinity gradients that affect floristic diversity due to salt tolerance,
which in turn can affect vertebrate diversity (Greenberg 2006, Battaglia et al. 2012).
Clapper Rails respond to differences in the physiognomic structure of tidal marsh that can
occur between marine and riverine systems (Rush et al. 2009). For instance, Clapper Rail
nest height increases throughout the breeding season where structurally diverse habitat is
available, such as in a riverine-dominated system where plant height diversity is
significantly higher than in a marine system (Rush et al. 2010c). Diet and movement of
Clapper Rails were also found to be influenced by availability of their primary food,
fiddler crabs (Uca spp.), within these systems (fiddler crabs; Uca sp.), (Rush et al. 2010a;
Rush et al. 2010b).
Since many aspects of Clapper Rail ecology differ relative to habitat across
northern Gulf of Mexico tidal marshes, Clapper Rail survivorship is expected to differ
across these systems. With projected losses to these tidal systems through SLR and
urbanization, estimates of Clapper Rail vital rates, such as survivorship, are considered a
priority for future conservation planning (Symposium Contributors 2006, Wheeler and
Woodrey 2008, Woodrey et al. 2012). Clapper Rails, however, are difficult to detect
when not vocalizing and even more difficult to follow over the time necessary to produce
robust estimates of annual survivorship. Additionally, the act of tracking these birds using
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VHF technology has been shown to impact the structure of marsh ecosystems (e.g.,
changing elevation and creating openings that may affect their movements). Although
studies have applied telemetry towards evaluating movement and survival of Clapper
Rails for short time periods (Rush et al. 2010a), there are currently no estimates of annual
or seasonal survivorship of this species within the northern Gulf of Mexico (Rush et al.
2012).
Automated radio telemetry (ART) removes the need to manually track individuals
by foot or boat, and has been used in a variety of systems to detect animal movement
including, but not limited to, rainforest mammals (Crofoot et al. 2010, Kays et al. 2011),
migratory birds and bats (Mills et al. 2011, Taylor et al. 2011), and reptiles (Tucker et al.
2014). In this study, I adapted ART for use in two northern Gulf of Mexico salt marshes
to collect information to estimate annual survival rates for Clapper Rails within two
estuarine marsh systems that differ in hydrology and vegetative community structure.
This information is critical towards predicting the future of northern Gulf of Mexico tidal
marshes and the ecology of communities within them. As the two marshes in the study
differ hydrologically, and subsequently floristically and structurally, I hypothesize that
survivorship estimates will differ between the two sites and between the breeding and
non-breeding season. I expect survivorship to be higher in the riverine system, possibly
due to a wider trophic niche than the estuarine system, and similarity in breeding season
and non-breeding season diet (Rush et al. 2010b). A wider trophic niche suggests the
utilization of a wider array of prey items that are consumed similarly throughout the year.
I hypothesize that survival will be lower in the non-breeding season due to an influx of
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migratory and wintering raptors, in addition to reduced availability of their favored prey
item, fiddler crabs.
Methods
Study Area
Six automated radio telemetry (ART) towers were deployed in two salt marsh
systems on the Gulf Coast in Jackson County, Mississippi. The Grand Bay National
Estuarine Research Reserve and National Wildlife Refuge (hereafter, Grand Bay) is a
marine-driven system, while the Pascagoula River Marsh Coastal Preserve (hereafter,
Pascagoula River), is a river-driven estuary system. Grand Bay is a polyhaline system
dominated by Juncus roemerianus and Spartina alterniflora (Wieland 2007). The
Pascagoula River ranges in salinity from oligohaline to mesohaline, and supports a wider
range of flora largely characterized by S. alterniflora, Spartina cynosuroides, Sagittaria
lancifolia, and J. roemerianus (Battaglia et al. 2012; Peterson et al. 2007). Both sites
experience mean summer temperatures of 27˚C and humidity >80% and winter
temperatures averaging 11˚C. Annual rainfall for the Mississippi Gulf coast can vary
from 94 – 246 cm, but averages 184 cm. Both systems are tidally influenced and
experience tidal fluctuations of <1 m. The Grand Bay and the Pascagoula River sites
were selected for this study based on their representation of the two major types (i.e.,
riverine and marine-dominated) of tidal marsh estuaries found throughout the Northern
Gulf of Mexico.
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Automated Radio Telemetry Towers
During February – April 2015, locations for six ART towers were chosen based
on available marsh substrate and Clapper Rail availability for capture. For both sites, I
used prior marsh bird point count survey data (Rush et al. 2009, Leggett 2014) to select
local sites where rails were most abundant, thus maximizing the capture probability to
mark birds with transmitters. After selecting points, or clusters of points, with high
Clapper Rail abundance, I assessed sites on foot for tower compatible marsh substrate.
Pascagoula River sites contained no solid substrate for tower construction, yet Grand Bay
contained salt panne habitats composed of solid substrate, which is more stable for
erecting ART towers. Without suitable substrate, site locations for ART towers in the
Pascagoula River were selected based on earth anchor ability to securely set in place and
hold guy lines, but also along a salinity gradient, which has been shown to affect Clapper
Rail occupancy (Rush et al. 2009).
In June and July of 2015, towers were constructed at selected sites using
telescoping antenna masts to a height of 12 – 15 m, held erect with sixteen guy wires per
tower. Guy wires were secured using Duckbill Earth Anchor Model 68 (Foresight
Products, Commerce City, CO) and the Pascagoula River sites had additional 3 m
extensions added to drive anchors into more secure substrate. Each tower supported three
nine-element yagi antennas with 11.1 dBd gain (LairdTech, Earth City, Missouri)
arranged to cover 360°, with each antenna facing evenly, 120° apart.
Each antenna array was connected to a Lotek SRX-800 (Lotek Wireless,
Newmarket Ontario) automated recording unit (ARU) capable of logging time, signal
strength, and bird identification through received VHF signals. Each ARU was powered
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using solar panels and 12 volt 100 amp hour deep cell battery (VMAX SLR100, VMAX,
Belleville, Michigan) capable of maintaining power on days with little or no sunlight, to
ensure no lapse in data collection. Raised wooden platforms constructed of 5 cm x 10 cm
pressure-treated pine were built to keep sensitive electronic equipment protected from
rain, high tides, and saltwater spray. Field tests were conducted to determine the
maximum distance at which radio marked individuals could be detected at a tower in the
thick marsh vegetation. This was accomplished by setting up an antenna and moving a
transmitter away from the antenna location until signal was lost. ARUs were capable of
detecting a VHF signal nearly uninterrupted at a range of 300 m from the tower mast
when a tag was located on the ground within dense J. roemerianus vegetation. Signal was
nearly undetectable, however, at a range of greater than 800 m. When tags were placed
above the J. roemerianus at a height of 1 – 2 m, mimicking short flights sometime taken
by Clapper Rails, signals could be detected at a range of > 1 km.
Clapper Rail Capture and Tagging
Individual Clapper Rails within 300 m of a given ART tower were targeted
opportunistically for capture and marking. Call playback was used to locate individuals
for potential capture. Clapper Rail songs and calls used for playbacks were from Marsh
Bird Identification Training CD obtained from the Marsh Bird Survey Coordinator
(Conway 2011). Once a rail was detected near an ART, I deployed a walk-in net, similar
to a mist net but made of stronger gill-netting, and consisting of only a single panel of
material. Speakers were deployed on both sides of the net and connected to an MP3
player, allowing for the changing of speakers to entice a rail to walk into the net. Due to
the active nature of this trapping technique, the net was constantly monitored and birds
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were removed from the net within a minute of capture. Captured rails were then taken
back to a boat, typically < 100 m from the trapping site, where the bird was banded,
measured, and the transmitter was attached to the bird. Morphometric measurements
were collected from each bird including wing chord, tail length, full culmen length, nares
to the tip of the bill, and mass. Body coloration on the face, chest, and flanks were
assigned by those seen in the Clapper Rail description in Pyle et al. (2018) to age and sex
birds when possible. Eye color was assigned to the most similar color from a collection of
paint samples that were used for all birds. Age and sex were assessed when possible for
each bird using the measurement, coloration, and molt pattern criteria in Pyle et al.
(2008). Rails were typically released < 30 minutes after capture.
Nanotag transmitters were attached to 30 Clapper Rails (distributed to 5 Clapper
Rails trapped within 300 m radius of each tower) during April – July, 2015 and 2016. All
nanotags were NTQB-6-2 tags (Lotek Wireless, Newmarket Ontario) with a burst interval
of 5.3 seconds, 12 hour on/off cycle, and estimated life of 699 days. Nanotags were
attached using a Rappole harness (Rappole and Tipton 1991) that incorporated an
additional neck loop (Haramis and Kearns 2000, Krementz et al. 2016). Each harness was
prefabricated using Stretch Magic (Pepperell Braiding Company, Pepperell,
Massachusetts) and beadwork crimping beads left un-crimped until attached. Each leg
loop and neck loop were custom fitted for each bird, and were set by crimping beads and
trimming excess material once the harness was sized to the bird. The complete harness
and transmitter weight of approximately 6g was less than 3% of any rail’s mass.
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Assessing Survivorship
Survival of an individual Clapper Rail was assessed by analyzing patterns in signal
strength over time. Each individual rail’s activity was graphed and visually inspected to
determine whether a rail was alive, dead, or had moved out of tower range. Differences in
the variation of signal strength across a daily time scale were the best indication of status.
Transmitters on live rails, within the range of the station, exhibited high variability in
signal strength throughout the day (Figures 2.1A, B, and C), whereas transmitters on dead
rails showed little variation throughout the day, often following distinct patterns (Figure
D). Transmitters on dead rails typically exhibited a signal strength pattern synchronous
with the rise and fall of tides (Figure 2.1D).
I used LOESS regression to evaluate the activity of each radio-marked Clapper
Rail, with regression models parameterized in the R statistical program (R Core Team
2017). LOESS regression incorporated a smoothing span of 0.5%. For each model, a
residual standard deviation ≤ 5 for a bird, within a day, was considered as indication of a
possible death event. Continuation of this pattern of standard deviation ≤ 5 for at least
three days following a possible death event was considered a likely death if that signal
was matched for each of the three antennas, and continued into subsequent data collection
periods. This LOESS regression method was useful for decreasing time to assess status
by filtering out clearly live birds. For birds that were within tower range for short periods
of time, or of unknown fate, or flagged as dead, I visually evaluated their respective
activity graphs to ensure the date of death and assessment of status was correct.
All estimates of survival rates were processed in Program MARK using the
Kaplan-Meier product-limit estimator in known-fate models (White and Burnham 1999).
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These models assume that tagging does not affect individual fate, fates of individuals are
independent, censoring is unrelated to mortality, and the probability of encounter for each
period is 100% (White and Burnham 1999, Cooch and White 2006). Survival estimates
were based on weekly survival periods within the data collection timeframe. Individual
encounter histories were coded in the binary patterns of live, dead, or not encountered as
required by MARK. Individuals were right-censored when signal was lost, but no
indication of a mortality event was detected in the period before signal loss.
Multiple models were used to assess contribution to variation in weekly survival
rates. Rails were separated into two groups corresponding to their respective study sites,
Grand Bay or the Pascagoula River, and encounter periods were assigned to the breeding
season or non-breeding season. The breeding season was considered to be the first week
in April through the end of August for both years of study (Rush et al. 2012). Parameters
reflecting study site and season were incorporated into models as additive effects, and as
an interaction between these variables. Model fit was assessed by Akaike’s Information
Criterion corrected for small sample size (AICc), with best supported model selected
using AICc, number of parameters (K), and deviance (Burnham and Anderson 2002).
Based on these selection criteria, survival probability estimates derived from the top
model were reported with a 95% confidence interval.
Results
During the 2015 and 2016 breeding seasons, 30 Clapper Rails were outfitted with
nanotag transmitters; 20 rails were tagged in 2015, while 10 were tagged during 2016
(Table 1.1). Of these 30 rails, 12 survived to the end of the study period, 5 birds were
assigned a status of dead based on their patterns in signal strength, and 13 birds were
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right-censored at various intervals corresponding to signal loss, with no evidence of
mortality. Of the 13 right censored birds, many showed signs of gradual movement away
from telemetry towers, with detections becoming less frequent, though continual, until
signal strength was poor, or lost. These movements took place during the non-breeding
season, or extreme ends of the breeding season for five rails. Eight rails moved out of
tower range in mid to late July of 2016, though not all at the same towers or sites
(Pascagoula River, n = 5; Grand Bay, n = 3). Rails showing a signal reflecting mortality
(Figure 2.1 D) showed the signal for approximately one month before signal was
completely lost. As a result, only one tag from a deceased bird was recovered during this
study. This tag was recovered during the fall of 2015, and showed signs of predation,
likely from an avian predator based on marring of the protective enamel of the harness
and tag.
The best-supported model of Clapper Rail survival included seasonal variation in
weekly estimates based on greater model weight and lower AICc than other competing
models (Table 1.2). Estimates generated from the seasonal model resulted in breeding
season survival of 0.95 (95% CI 0.83 – 0.99) and non-breeding season survival of 0.81
(95% CI 0.64 – 0.91). Averaging these estimates across the yearly breeding and nonbreeding seasons results in an estimated annual survival rate for Clapper Rails of 0.76
(95% CI 0.53 – 0.90).
Discussion
Multiple models were considered as explanatory for variation in Clapper Rail
weekly survival estimates. The model including seasonal effects with no other
interactions was the top ranked model due to four of five deaths occurring in the non22

breeding season. Without knowing the causes of death for most mortalities, I am unable
to substantiate the ecological mechanisms that would be expected to explain the
difference between breeding and non-breeding survivorship, although the only recovered
transmitter showed signs of avian predation. While the mechanisms that explain the
difference between survival probability are unknown based on this study, survival rate
appears relatively greater during the breeding season, 0.95 (95% CI 0.83 – 0.99), than
during the non-breeding season, 0.81 (95% CI 0.64 – 0.91). The derived probability of
annual survival from the top models is relatively high, 0.76 (95% CI 0.53 – 0.90),
although not unreasonable when considering the oldest recorded Clapper Rail was at least
7.5 years old (Clapp et al. 1982).
Annual adult survival rates are lacking for many members of the family Rallidae
in North America, and those that exist often focus on breeding season survival. The
estimates of Clapper Rail annual survival rates produced in this study are comparable,
though slightly higher, to those estimated for other rail species. The formerly conspecific
Ridgway’s Rail (Rallus obsoletus) was reported to have an estimated annual survival
between 49 – 67% (Eddleman 1989), lower than my estimates for Clapper Rails in the
northern Gulf of Mexico. Virginia Rail (Rallus limicola) had an estimated average annual
survival of rate of 53% in a year round resident Arizona population, whereas nonbreeding season mortalities accounted for all observed mortalities (Conway et al. 1994).
Clapper Rails at Grand Bay and the Pascagoula River showed a similar tendency toward
non-breeding season mortality. The only breeding season mortality occurred on April 9,
2016, which was near the non-breeding season cutoff at the end of March. King Rail
(Rallus elegans) survivorship during the breeding season has been estimated as 89% and
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61% for two consecutive years, respectively (Pickens and King 2014). These observed
differences in season-specific survivorship for these species highlights the need for more
study, as single year estimates can fluctuate due to adverse conditions such as hurricanes,
flooding, and drought (Holliman 1981, Ferrigno 1990, Rush et al. 2012, Pickens and
King 2014). However, no adverse weather events such as those mentioned above took
place during my study. Thus, my estimates of Clapper Rail survival may be greater than
expected over a longer period of time when such events would occur.
Most mortality in adult Clapper Rails has been found to be a result of avian and
mammalian predation. One nanotag recovered during my study showed signs of
predation, based on marring of enamel and harness material. Clapper Rails are most
susceptible to predation by avian species while foraging in mudflats and at high tide,
where they are away from cover (Rush et al. 2012). Birds of prey including Bald Eagle
(Haliaeetus leucocephalus), Northern Harrier (Circus cyaneus), Red-tailed Hawk (Buteo
jamaicensis), and Peregrine Falcon (Falco peregrinus) are all documented predators, and
wading birds such as Great Blue Herons (Ardea herodias) also prey on adult Clapper
Rails (Bent 1926, Baldwin 1940, Cottam 1937, Meanley 1985, Willey 1986). The
primary mammalian predator of adult Clapper Rails is the Raccoon (Procyon lotor), but
Mink (Mustela vison), Coyote (Canis latrans), and Virginia Opossum (Didelphis
marsupialis), are also known to contribute to predation (Bent 1926, Oney 1954,
MacNamara and Udell 1970, Meanley 1985). Environmental contributors to adult
mortality often lead to large die-offs. Extended periods of cold weather, flooding, and
tropical storms can cause high rates of mortality for Clapper Rails (Simmons 1914,
Holliman 1981, Ferrigno 1990, Rush et al. 2012).
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Despite natural events that can cause high rates of mortality, Clapper Rail
populations are shown to recover quickly, given suitable habitat, due to their high
reproductive potential (Holliman 1981, Ferrigno 1990, Rush et al. 2010c). Clapper Rails
can re-nest up to five times, with reports of multiple brooding in some cases (Blandin
1963, Duhsé 1988, Ferrigno 1990). Average clutch size for Clapper Rails in the northern
Gulf of Mexico is 8 eggs. Coupled with a relatively high nest success, this large clutch
size contributes to this species’ high reproductive potential (Rush et al. 2010c). Currently,
no estimates of juvenile survival exist for Clapper Rails, but it is assumed that chick
survival is low in their first few weeks based on brood observations (Duhsé 1988). As
juvenile survival is likely an important contributor to Clapper Rail population responses
to changes such as SLR, future efforts toward assessing juvenile survival rates and
recruitment would aid conservation planning and status assessment through development
of well-parameterized population models. Population models have been developed to
assess the effects of SLR on a range of bird species dependent on coastal habitat. Similar
models can be developed to project the effects of anthropogenic and natural disturbances
on Clapper Rail populations.
Clapper Rail populations face changes and loss to their habitat from SLR and
urbanization across the Gulf of Mexico, and are considered to be at moderate to high risk
of population decline (Watson et al. 2015). Clapper Rails are not currently considered a
species of concern anywhere within their range, but there is a potential need for
conservation action for this endemic salt marsh species based on predicted habitat
changes and loss (Wheeler and Woodrey 2008, Woodrey et al. 2012, Watson et al. 2015).
Constraints on adult Clapper Rail survival under SLR will likely be determined by
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available food and suitable emergent salt marsh habitat (Greenberg et al. 2006, Conroy et
al. 2010). Sea-level affecting marsh models (SLAMM) for Grand Bay and the Pascagoula
River predict a loss of irregularly flooded marsh through (Warren Pinnacle Consulting,
Inc. 2011, Wu et al. 2015). At my two sites, J. roemerianus is the dominant species in
irregularly flooded marsh, providing dense cover for Clapper Rails (Battaglia et al. 2012).
With SLR, the shift in dominant macrophyte composition in these marshes from J.
roemerianus to S. alterniflora may result in increased predation as most predation takes
place when Clapper Rails are away from dense cover (Rush et al. 2012). SLR may
additionally affect Clapper Rail’s primary food source, fiddler crabs (Uca sp.), which
have been predicted to decline 60 – 100% after 0.5m of SLR in southern Delaware salt
marshes (Hanson 2014). If similar results occur in the Northern Gulf of Mexico,
increased Clapper Rail mortality may also result from food limitation.
My data show that within northern Gulf of Mexico marshes, Clapper Rails
experience relatively high rates of adult annual survival in comparison to other rails.
However, loss of suitable Clapper Rail habitat through SLR and urbanization will likely
affect demographic processes, such as survival and productivity, of these birds. Given the
close connection between Clapper Rails and tidal emergent marsh ecosystems,
identifying how their demographic parameters change relative to conditions within the
salt marshes can afford greater understanding and predictions to longer-term change
within these coastal systems. At present, these are the only estimates of Clapper Rail
survivorship for the entirety of their range. While these two study sites are representative
of many of the estuarine emergent marshes of the northern Gulf of Mexico, Clapper Rails
inhabit other marshes that differ functionally and may have impacts on survival. Future
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efforts towards estimating survivorship for adults and juveniles across different
functional emergent marshes within their range will provide necessary baseline data for
comparison to future assessments.
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Table 2.1

Summary of Clapper Rail fates tagged between 2015 and 2016 at
automated radio-telemetry sites in coastal Mississippi, USA.

Site and Tower Number

Unique ID

Tagging Date

Censor/Death Date

Final Status

GB1

49

6/5/2015

GB1

41

6/5/2015

ALIVE

GB1

46

6/7/2015

GB1

53

6/11/2015

GB2

35

6/23/2015

ALIVE

GB2

38

6/29/2015

ALIVE

GB2

44

6/29/2015

ALIVE

GB2

37

6/30/2015

ALIVE

GB3

47

7/2/2015

ALIVE

GB3

48

7/2/2015

ALIVE

GB3

42

7/2/2015

9/20/2015

DEAD

PR1

50

7/16/2015

9/30/2016

LEFT AREA

PR1

52

7/16/2015

10/15/2016

LEFT AREA

PR1

34

7/17/2015

9/26/2016

LEFT AREA

PR2

39

7/23/2015

1/8/2016

LEFT AREA

PR2

40

7/23/2015

3/15/2016

LEFT AREA

PR2

45

8/2/2015

9/1/2016

LEFT AREA

PR3

43

7/31/2015

4/9/2016

DEAD

PR3

36

7/31/2015

9/19/2015

PR3

51

7/31/2015

8/5/2015

DEAD

GB1

421

3/14/2016

8/7/2016

LEFT AREA

GB2

417

3/14/2016

4/9/2016

LEFT AREA

GB3

412

3/14/2016

7/5/2016

LEFT AREA

GB3

414

3/15/2016

7/5/2016

LEFT AREA

PR1

413

3/16/2016

7/22/2016

LEFT AREA

PR1

415

4/10/2016

7/22/2016

LEFT AREA

PR2

419

4/10/2016

ALIVE

PR2

416

4/10/2016

ALIVE

PR3

418

5/14/2016

ALIVE

PR3

420

5/14/2016

ALIVE

12/16/2015

DEAD
ALIVE

10/15/2015

DEAD

LEFT AREA

Sites are abbreviated as GB = Grand Bay National Estuarine Research Reserve and PR =
Pascagoula River Marsh Coastal Preserve
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Table 2.2

Candidate known-fate models explaining variation in weekly survival rate
of adult Clapper Rails (Rallus crepitans) in two study sites in coastal
Mississippi, USA. Models are ordered by AICc, and K represents the
number of parameters in the model.

Model

AICc

ΔAICc

AICc Weight

Season
Constant
Site x Season
Site + Season
Site

104.52
105.04
106.28
106.53
107.04

0.00
0.51
1.76
2.01
2.52

0.35
0.27
0.15
0.13
0.10
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Model
Likelihood
1.00
0.77
0.42
0.37
0.28

K

Deviance

2
1
4
3
2

42.34
44.86
40.09
42.86
44.86

Figure 2.1

Examples of Clapper Rail (Rallus crepitans) activity patterns from data
collected using automated telemetry towers in coastal Mississippi, USA.

A: individual rail is alive and within range of tower; B: individual rail is alive and in
range of tower; C: individual rail is alive but outside the range of the tower for a 3 – 4
day period; D: individual rail is dead but within the range of the tower (note clear pattern
due to tidal fluctuations).
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CHAPTER III
PREDICTED SEA-LEVEL RISE EFFECTS ON CLAPPER RAIL (RALLUS
CREPITANS) IN TWO ESTUARINE SYSTEMS OF THE NORTHERN GULF OF
MEXICO
Introduction
Coastal salt marshes are predicted to change due to sea-level rise (SLR) in the
coming century, which will likely affect avian inhabitants through a number of
mechanisms (Greenberg et al. 2006, Conroy et al. 2010, Woodrey et al. 2012, Correll et
al. 2017). Sea-level rise is directly contributing to changes in marsh habitat including
elevation, proportional coverage of emergent vegetation, and species composition
(Engelhart et al. 2009, Kemp et al. 2011, Church and White 2011). Yet, extent of these
predicted changes vary based on expected rates of accretion, changes in vegetation
structure, and freshwater inflow (Craft et al. 2009, Kirwan and Megonigal 2013,
Anderson et al. 2014, Raabe and Stumpf 2016). Avian population responses to these
changes are likely to vary by species, with expected fluctuations in species-specific
populations to be likely influenced by the resilience of these populations, taking into
account variation in available food and appropriate habitat structure (Conroy et al. 2010).
How birds respond to changes in wetland habitat size and distribution will
determine the plausibility of species as indicators of change in wetland systems (Ormerod
and Tyler 1993). In particular, quality indicator species should be easy to monitor, show
37

sensitivity to fluctuations in the ecosystem, and their ecology in the ecosystem should be
relatively well-known (Ormerod and Tyler 1993). In Atlantic salt marshes, four species
have been identified as potential indicators of habitat change (Saltmarsh Sparrow
(Ammodramus caudacutus), Willet (Tringa semipalmata), Seaside Sparrow
(Ammodramus maritimus), and Clapper Rail (Rallus crepitans)) due to significant
decreases in abundance over time (Field and Elphick 2014). While three of these species,
Seaside Sparrow, Willet, and Clapper Rail, reside in the northern Gulf of Mexico,
Clapper Rails have the highest mean occupancy in northern Gulf of Mexico tidal marshes
among these species (Rush et al. 2009). Existing population demographic information, as
well as evidence for declines and sensitivity to perturbation (Field and Elphic 2014) in
other regions also make Clapper Rail a potential indicator species candidate compared to
other saltmarsh endemics in the Gulf of Mexico.
Clapper Rails are a relatively common inhabitant of the saltwater and brackish
marshes of the Gulf of Mexico and the southern Atlantic Coast of North America (Rush
et al. 2018). During the breeding season there is a steady increase in spring tidal height
and subsequent marsh inundation, though wind driven tides can heavily flood marshes
(Battaglia et al. 2012). An endemic species of tidal marsh ecosystems, Clapper Rails
exhibit multiple behaviors thought to enable them to breed successfully in emergent
marshes that experience regular tidal fluctuations and flooding. Although nest failures are
largely caused by flooding in the northern Gulf of Mexico, Clapper Rails attempt to
accommodate heightening tides by increasing their nest height (Rush et al. 2010b). They
have also been observed responding to acute flooding events by increasing the height of
an active nest by adding vegetative material (Jackson 1983). They will also retrieve eggs
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that are displaced from the nest by water and wind, and their eggs can hatch after being
submerged for extended periods of time (Kozicky and Schmidt 1949, Oney 1954, Kosten
1982). Clapper Rail are also known to renest up to five times per breeding season with
reports of up to seven attempts per season (Blandin 1963, Rush et al. 2018). Clapper
Rails persist in adverse ecosystems, and populations have been shown to recover
relatively quickly following stochastic events such as hurricanes (Ferrigno 1990),
suggesting they are highly resilient to the harsh conditions found in tidal marsh
ecosystems.
The direct and indirect effects that sea-level rise (SLR) may have on Clapper Rail
and other secretive tidal marsh dwelling avian species, are difficult to address due to lack
of survival estimates, factors related to mortality, and movement. Until recently, annual
survivorship estimates have been largely lacking for Clapper Rails, however their annual
survival is estimated to be 0.76 (95% CI 0.53 – 0.90) at two sites in the northern Gulf of
Mexico (See Chapter II). Rails are most susceptible to predation by avian species while
foraging in mudflats and at high tide, where they are away from cover (Rush et al. 2018).
Additionally, Clapper Rails rely heavily on fiddler crabs (Uca spp.) as a primary food
source and the potential for changes in food availability may be a concern as tidal marsh
habitats change due to SLR (Heard 1982, Mouton and Felder 1996, Conroy et al. 2010,
Rush et al. 2010a). Further, their ability to disperse longer distances, obtain mates, and
produce offspring, among other life history traits, depends on the how tidal wetlands
change in distribution and composition in response to predicted SLR (Conroy et al.
2010).
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Using known estimates of various life history traits, including adult survival,
individual-based models (IBMs) can be developed to simulate the effects of SLR on
Clapper Rail populations in marshes of the northern Gulf of Mexico. Existing IBMs work
investigating extinction risk for a closely related species, Ridgway’s Rail (Rallus
obsoletus), shows little risk at moderate rates of SLR, but predicted a greatly increased
risk of extinction at a projected SLR rate of 1.66m over 100 years in the San Francisco
Estuary (Zhang and Gorelick 2014). Additionally, IBMs have been developed to
investigate the effects of habitat loss due to SLR on shorebirds (Chu-Agor et al. 2012,
Linhoss et al. 2013) and the effect of changing nest height due to SLR on predation of
Salt-marsh Sparrow nests (Hunter 2017). Thus, IBMs provide an excellent framework for
the development of similar models for Clapper Rails found along the northern coast of
the Gulf of Mexico.
Sea-level Affecting Marshes Models (SLAMM) are a landscape model used to
simulate wetland change due to changes in SLR. SLAMM use existing parameters such
as historical SLR, tide levels and range, accretion rates, erosion rates, salinity levels, and
overwash to predict changes in marsh habitat (Clough et al. 2010). Output rasters from
these models, with corresponding categorical land cover types for a targeted spatial area,
can be created for discreet time intervals (Clough et al. 2010). The predictive accuracy of
SLAMM are assessed through comparison to known historic data compared to models
used to predict historic state (Wu et al. 2015). Although accuracy of model predictions
can be uncertain, SLR models from different approaches have been used to assess habitat
loss and changes and their effects on shorebirds (Galbraith et al. 2002, Chu-Agor et al.
2012) and Ridgeway’s Rail (Zhang and Gorelick 2014), and currently serve as the best
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tool available for evaluating population level effects on avian species. Using SLAMM
predictions in concert with IBMs affords a unique opportunity to evaluate changes in
ecosystem services and function at specific times in the future, as well as under varying
SLR scenarios (Craft et al. 2009, Chu-Agor et al. 2012, Zhang and Gorelick 2014).
Through models developed using regionally-based demographic parameters for
Clapper Rail, I explored rail response to predicted SLR using SLAMM developed for two
Mississippi estuarine marshes, each of differing hydrologic influences and resulting
vegetation assemblages. Clapper Rails are a common, endemic, obligate inhabitant to
Gulf of Mexico tidal marsh ecosystems, and I hypothesize changes in the predicted
distribution and vegetation assemblages will affect their population persistence. Given
the predicted rates of SLR in the Gulf of Mexico region within these marshes, I predict
IBM results for Clapper Rail populations will exhibit a numerical decrease in response to
predicted decreases in the geographic extent and vegetation assemblages of emergent
marsh. However, if SLR coincides with reductions additional demographic parameters
such as decreased nest success, I predict Clapper Rail populations may experience risk of
greater population decline, or perhaps extinction.
Methods
Model Description
The Grand Bay National Estuarine Research Reserve and National Wildlife
Refuge (hereafter, Grand Bay) is a marine-influenced system, while the Pascagoula River
Marsh Coastal Reserve (hereafter, Pascagoula River), is a river-influenced estuary
system. Grand Bay is a polyhaline system dominated by Juncus roemerianus and
Spartina alterniflora (Battaglia et al. 2012). The Pascagoula River ranges in salinity from
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oligohaline to mesohaline, and supports a wider range of flora largely S. alterniflorus,
Spartina cynosuroides, Sagittaria lancifolia, and J. roemerianus (Battaglia et al. 2012).
Both sites experience mean summer temperatures of 27˚ C and humidity >80% and
winter temperatures averaging 11˚ C. Annual rainfall for the Mississippi Gulf coast can
vary from 94 – 246 cm, but average 184 cm. Microtidal influence at both sites is typically
<1 m. These two sites were chosen for this study because they represent the two major
types of tidal marsh estuaries found throughout the northern Gulf of Mexico.
Sea-level rise predictions for these two areas were created using SLAMM v6.2:
SLAMM output for Grand Bay is publicly available (Brenner 2009), while output from
the Pascagoula River were provided by research scientist at the University of Southern
Mississippi’s Gulf Coast Research Laboratory (W. Wu personal communications; Wu et
al. 2015). SLAMM output is a raster file with 10 m resolution predictions of land cover
type. The two primary land cover types I deemed of concern for Clapper Rails are
regularly and irregularly flooded marsh. SLAMM output rasters were resampled using
ArcMap 10.3 (ESRI 2017) to 5 ha resolution, which based on the average Clapper Rail
home range size of 1.2 and 1.37 ha (Cumbee et al. 2008, Rush et al. 2010a) was
considered to be a reasonable spatial scale to contain multiple female Clapper Rails
within my two study areas. This was necessary to accommodate density estimates derived
previously from point count data. Additionally, all SLAMM predictions used in these
models were based on a scenario of 1m of SLR by the year 2100. SLAMM model outputs
used for my evaluation are predictions for 2025, 2050, 2075, and 2100, with a base year
of 2009 for Grand Bay and 2010 for the Pascagoula River.
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I created IBMs to simulate Clapper Rail populations, under various SLR
scenarios, for two sites in Jackson County, Mississippi using Netlogo version 6.0
(Wilensky 1999). My IBM has two main components: 1) female Clapper Rails; and 2)
habitat patches with designated land cover class from SLAMM model output.
Initialization of a model run began with importing a raster file from SLAMM model
output, either Grand Bay or the Pascagoula River, at a discreet time step. Patch type,
either regular or irregularly flooded marsh, was determined by the land cover
classifications from the input raster generated by SLAMM. Maximum density values
were provided from previous work in the same marshes (Rush et al. 2009, Adams
unpublished data) and assigned to each pixel based on land cover type, regularly or
irregularly flooded marsh (Figures. 3.1–4; Table 3.1). Density values were extrapolated
based on majority land cover type around point count locations, and the average densities
within a roughly 5ha area. For year zero, the first annual iteration of the model, female
Clapper Rails were modeled probabilistically within patches in densities randomly
generated between zero and the patch maximum density. Each individual rail was
assigned a starting value of annual survival probability from known distribution (see
Chapter II; Figure 3.5, Table 3.1). As a rail survived each iteration, it entered into
subsequent annual steps, carrying over the same survival probability. A global variable
was also set to limit a female’s dispersal distance to patches not at maximum density
(Figure 3.5; Table 3.1). For specific model scenarios, subsequent to time zero, the
probability of nest success was reduced by a global variable representing the possible
negative impact to nesting success by SLR which I propose may occur due to the
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increased flooding (Van De Pol et al. 2010, Vitousek et al. 2017) or lack of quality
nesting habitat.
After initialization, the model progressed through multiple procedures designed to
simulate a Clapper Rail population, where each time step in the simulation represented
one year. Each yearly time interval proceeded through multiple procedures for female
Clapper Rails. The first procedure for each time step was a reproduction procedure
(Figure. 3.6). Within this procedure female Clapper Rails were each assigned a
probability of nest success based on empirical data (Rush et al. 2010b). The probability of
nest success, as drawn from this empirical distribution, was used for all nesting attempts
per individual female in a given time step (Table 3.1). Next, female Clapper Rails are
assigned a random number of nesting attempts based on empirical data (Blandin 1963,
Rush et al. 2018; Table 3.1). Assuming a 50-50 sex ratio and 100% successful hatch rate,
studies reporting the number of eggs per nest were used to set the number of possible
female offspring that could be produced per individual Clapper Rail (Kozicky and
Schmidt 1949, Rush et al. 2010c, 2018). Double-brooding was allowed per year, if the
first nesting attempt was successful and the individual had sufficient renesting potential
as determined at the start of the procedure. Within this framework, if the first nest attempt
was a failure, nest attempts were repeated until successful, or the period of time
permitting nesting attempts ended for that time step. After a successful nesting attempt, a
new cohort of year zero female Clapper Rails entered into the population, as determined
by the number of offspring assigned at the beginning of the procedure. Simulated rails
were assigned a probability of adult mortality to be used in subsequent mortality
procedures.
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Following the reproduction procedure, all Clapper Rails underwent a mortality
procedure. This procedure applied the survival probability assigned to each Clapper Rail,
either upon initiation or creation through the reproduction procedure by which they were
initially created. In assigning probability of juvenile death, I used the global variable for
this probability as this parameter is not currently known, or empirically validated (Rush
et al. 2018). Year zero rails that survived the mortality procedure then entered into the
next procedure that allowed for the dispersal of year zero females among patches, if the
patch on which they were created was at maximum density. If a patch was not full after a
successful reproduction attempt, and it could accommodate all year zero females; all the
rails stayed within the patch on which they were created. When a patch could only
accommodate some of the created females, they filled the patch to maximum density and
any remaining year zero females attempted to disperse. If a patch was at maximum
density all of the year zero females created attempted to disperse. When year zero rails
were forced to disperse, each rail attempted to find a patch within maximum dispersal
range (see Table 3.1; approximately 1115 m) that was not at maximum density. The
maximum distance was set at initiation as a global variable applying the same maximum
dispersal distance for all rails. If there were no patches within range, at or below
maximum rail density (thus they could not accommodate immigration) then the year zero
female died. All rails aged one year during the final procedure for each time step when
the age of each surviving rail increased by one. This procedure was needed to transition
surviving year zero females to the reproducing population in the next time step, and to
prevent them from attempting to disperse again.
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This IBM was designed to undergo 50 time steps where each step represented a
single year. While the SLAMM predictions were based on 25-year intervals, 50-year long
time steps were chosen for two reasons. First, other similar population models increased
time steps to allow for the model to stabilize (McRae et al. 2008, Zhang and Gorelick
2014). Second, the prediction of SLR at 1m by 2100 used in these SLAMM may be
greater than is actually realized. If so, the discreet years of predicted output may be
representative of a greater period of time. Throughout all simulations, the model tracked
total number of females that were alive at the end of a time step.
Multiple scenarios with varying parameter values were run, and each unique set
of parameter values went through 500 iterations. All scenarios were run for each of the
discreet SLAMM predictions for Grand Bay and the Pascagoula River. As values for
juvenile mortality do not exist, scenarios were run across a range of point values
estimated from model calibration and sensitivity to this parameter, 0.88 (88% annual
mortality), 0.89, and 0.90. Scenarios were also run with varying levels of nest success
which I predicted may vary due to SLR and larger proportion of regularly flooded to
irregularly flooded marshes at my two study sites. The penalties to nest success were
applied at increments of 0.1 (10 %), 0.2, and 0.3 reductions to the probability of nest
success for both of the marsh land cover types, regularly and irregularly flooded.
Analysis
Assessing the population response of Clapper Rails to SLR was conducted using
output from IBMs which incorporated SLAMM predictions. Model calibration was
undertaken prior to populating and running all SLR models for each site due to unknown
estimates for annual juvenile mortality. Likely values for annual juvenile mortality were
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determined by testing model sensitivity thresholds for this value, and then implemented
into the subsequent SLR scenarios. In particular, I assessed variation of total Clapper
Rails in the final time step in relation to multiple parameter value combinations. I also
used final and initial numbers of rails to calculate the population growth rate across a
given simulation of 50 time steps, where population growth rate refers to λ = NFinal /
NInitial. Mean total and final number of Clapper Rails and growth rate were calculated for
each set of 500 simulations with the same parameter values, site, and year. In SLAMM
predictions of year 2075 and 2100, proportion of simulations ending with no Clapper
Rails and fewer than 25 Clapper Rails were calculated for simulation sets of 500 runs
defined by the same parameter values. Female population size of less than 25 has been
used to assess the point past which a population is no longer likely to be viable as used in
another similar IBMs (Zhang and Gorelick 2014), and as suggested by other literature
(McRae et al. 2008, Aiello‐Lammens et al. 2011).
Results
I examined the changes in Clapper Rail populations at Grand Bay and the Pascagoula
River using three metrics of output generated in my model simulations and averaged
across all 500 simulations of a given set of parameters: mean total number of female
Clapper Rails throughout a 50 year simulation (Figures 3.7–3.10), number of female
Clapper Rails in the final time step of a 50 year simulation (Figures 3.11–3.14), and
population growth rate from year zero to the final year of a simulation, as some
simulations reached rail populations of zero before 50 time steps (Figures 3.15–3.18).
The number of female Clapper Rails at the end of a simulation was also used to generate
a percentage of simulation iterations ending in zero female Clapper Rails (Table 3.2), and
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those iterations ending with a female population size less than 25 individuals (Table 3.3).
The percent change of regularly and irregularly flooded marsh between SLAMM outputs
are also reported for each site (Table 3.4). Prefacing the simulation results reported
below, changes in the number of 5ha resampled SLAMM predictions for Grand Bay and
the Pascagoula River showed a total percent loss for usable marsh of 28% and 74%,
respectively, from 2009 to 2100. Grand Bay showed an increase of regularly flooded
marsh of 421% by conversion of irregularly flooded marsh to regularly flooded marsh,
while the Pascagoula River showed an increase in regularly flooded marsh of 79%.
Hereafter, I refer to simulations that do not include detriments to nest success as ‘baseline
models’, reporting results from models using varying levels of nest success according to
the percent penalty applied to each marsh type.
The mean number of female Clapper Rails throughout a simulation, averaged
across a set of simulations, showed a decline at Grand Bay and the Pascagoula River
between the initial conditions to 2100 under the 1m SLR scenario for all simulation
scenarios (Figure 3.4). For both sites, scenarios with greater probability of juvenile
mortality showed fewer Clapper Rail across a simulation. Decreases in mean number of
Clapper Rails at Grand Bay were comparatively less than those at the Pascagoula River
by the year 2100. Scenarios applying varying levels of detriment to nest success showed
the greatest trends of decrease in mean numbers of Clapper Rails throughout a
simulation. In particular, the combination of higher probability of juvenile mortality,
0.90, and any level of detriment to nest success in regularly flooded marsh, 0.1 – 0.3,
resulted in a decrease in mean number of Clapper Rails compared to simulations with
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lower probability of juvenile mortality, and greater model uncertainty as determined by
width of the 95% confidence intervals reported with each mean.
The mean number of female Clapper Rails remaining in the final time step, across
a set of simulations, showed similar trends in decline as the average number of Clapper
Rails throughout a simulation at Grand Bay and the Pascagoula River between the initial
conditions and predictions to 2100 (Figures 3.11 – 3.14). Again, at both sites, the
scenarios with greater probability of juvenile mortality showed lower numbers of Clapper
Rails across a simulation, and decreases in mean number of Clapper Rails at Grand Bay
were comparatively lower than those at the Pascagoula River by the year 2100. This
metric also showed a distinct difference in outcomes between each level of juvenile
mortality after detriments to nest success were applied. Model uncertainty increased
based on the 95% confidence intervals, but not as much as the average number of female
Clapper Rails across simulations.
Clapper Rail population growth rate from years zero to 50 remained >1 for all
years of baseline scenarios (Figure 3.15). In scenarios with varying levels of detriment to
nest success population growth declined with increasing juvenile mortality. At the 0.1
reduction to the probability of nest success in both marsh types, population growth rate
decreased in step with an increase in juvenile mortality (Figure 3.16).
In baseline scenarios for Grand Bay and the Pascagoula River at the 2075
and 2100 time steps, there were no simulations that ended with fewer than 25 Clapper
Rails (Table 3.3). Simulations ending with fewer than 25 Clapper Rails occurred in
scenarios with detriment to nest success of 0.1 and highest probability of juvenile
mortality, 0.90, for Grand Bay in 2100 and the Pascagoula River in 2075 and 2100.
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Probability for simulations to end with fewer than 25 rails increased with increasing
detriment to nest success and greater probability of juvenile mortality. The probability of
ending with fewer than 25 rails also increased between 2075 and 2100. Similar to this
trend, the probability of extinction in a set of simulations increased with greater detriment
to nest success and juvenile mortality (Table 3.2). Scenarios with total extinction did
manifest until nest success was decreased by 0.2 for regularly flooded marsh, and
heightened juvenile mortality at the Pascagoula River (e.g., 2100).
Discussion
Sea-level rise is predicted to affect emergent marshes in the future, although the
extent to which it will alter these marsh systems is still under debate (Craft et al. 2009,
Kirwan and Megonigal 2013, Anderson et al. 2014, Raabe and Stumpf 2016). My model
indicates a predicted significant reduction of Clapper Rail populations using SLAMM
predictions under 1m of SLR by the year 2100 across both sites, with the expected losses
in total number of Clapper Rails differing between the two different marshes. Based on
SLAMM predictions, Grand Bay is predicted to maintain more emergent marsh, of both
regularly and irregularly flooded, than the Pascagoula River (Brenner (2009), Wei Wu.
Personal communication). The much reduced marsh area resulted in decreased Clapper
Rail numbers in the years 2075 and 2100 at the Pascagoula River. For both sites, all
iterations of scenarios with no penalties to nest success ended with more than 25 Clapper
Rails, suggesting Clapper Rails are likely to persist even with the adverse effects of
habitat loss. When detriments to nest success were implemented into scenarios,
differences in outcomes based on juvenile mortality were revealed as detriments
increased from 0.1 – 0.3.
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Multiple scenarios of detriment to nesting success due to SLR were tested based
on the prediction that increased flooding and storms are likely to occur due to climate
change and SLR (Van De Pol et al. 2010, Vitousek et al. 2017). Considering the
documented major cause of nest failures at my two sites was flooding (Rush et al.
2010b), and nest loss due to flooding is considered a component of population regulation
for other Clapper Rail populations (Rush et al. 2018), I assumed that nest success would
decrease as a result of SLR. As habitat was largely converted to regularly flooded marsh
in the 2075 and 2100 predictions from SLAMM, Clapper Rails at Grand Bay and the
Pascagoula River reached numbers low enough that multiple simulations of varying
parameters ended with no remaining individuals or fewer than 25 rails. All parameter sets
that ended with fewer than 25 Clapper Rails occurred in scenarios where a detriment to
nest success was applied. As marsh converted from irregularly flooded to regularly
flooded marsh, Clapper Rails were left with little irregularly flooded marsh to inhabit.
Accordingly, the scenarios where detriment to nesting success was greater in regularly
flooded marsh than irregularly flooded, extinction rates in these 500 simulation sets were
greater. Based on these results, nesting success appears to be a main driver of Clapper
Rail populations along the northern Gulf of Mexico.
The IBM developed here, and subsequent results provide additional modeling
infrastructure (i.e., Hunter 2017) for our capacity to understand the implications of SLR
on marsh bird populations. It is expected that this framework will be retooled as
predictions of SLR change in coming years, through increased accuracy of vegetation
responses or predictions extending beyond 2100. This could be accomplished with many
varieties of predictive models utilizing land cover classes as output that can be related to
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Clapper Rail densities. Additionally, the population framework can also be modified as
vital rates (i.e., survivorship and nest success) estimates are updated and refined, and as
additional estimates are generated at sites throughout the Gulf of Mexico. In particular,
this model’s accuracy could be greatly improved with estimates of juvenile and female
dispersal distances, breeding site fidelity and preferences, and juvenile survival rates. As
juvenile survival was assumed to be relatively low based on calibration of this model, the
calibration was done assuming Clapper Rails are at or near carrying-capacity for my two
sites. However, juvenile survival may be density dependent and significantly increase
after an ecological release such as hurricanes (Holliman 1981), but IBMs provide a
flexible framework to accommodate modifications to the current model. Density
dependent juvenile survival mechanisms may allow Clapper Rail populations to respond
more dynamically than my results suggest because I kept juvenile survival constant
throughout simulations. My results may over-emphasize population losses in Clapper
Rails, which could result from inaccurate parameter estimation. Another potential
negative bias was the exclusion of the transitional marsh land cover class. With no means
of assessing the ability for Clapper Rails to utilize transitional marsh habitat, this habitat
was excluded from my models. Future simulations could incorporate the transitional
marsh habitat as empirical data become available.
Modifications can also be implemented in this current model, changes
incorporated to aid in accuracy and realism through modified or added procedures. One
of the drawbacks of my simulations is that habitat patch determinations were absolute for
a 5 ha area, whereas real marshes are not homogenous. While broken down into patches
that can be used in Netlogo, availability of nesting habitat, associations with vegetation
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characteristics, and association with the habitat types used in the model could all be
incorporated in more complex procedures and models, accounting for greater variability
within a 5 ha patch. Urbanization is also projected to reduce habitat and prevent marsh
migration as sea levels rise across the Gulf of Mexico (Enwright et al. 2016). SLAMM
can account for current levels of urbanization and its ability to prevent marsh migration
but future predictions of urbanization are not included. As coastal populations are
projected to increase (Hugo 2011), associated urbanization is likely to exacerbate marsh
loss and reduce opportunities for landward migration of emergent marsh habitats
(Enwright et al. 2016).
As SLR poses a threat to Clapper Rails through loss or changing vegetation
assemblages, it also may affect rails through other mechanisms. Habitat fragmentation
and subsequent necessity of mobility between patches is another missing element from
this model, and where data for Clapper Rails is lacking. Habitat fragmentation is
expected to occur due to SLR (Craft et al. 2009), and the ability for populations to move
between fragments is considered an important aspect in the persistence for salt marsh
obligate species (Woodrey et al. 2012, Hunter et al. 2015). While the list of predicted
negative effects of SLR to Clapper Rails are extensive, there has been some conjecture
concerning the positive relationship between interspersion and occupancy, and increased
interspersion potentially increasing Clapper Rail occupancy (Rush et al. 2009).
Hurricanes are a semi-regular occurrence for Clapper Rails in the northern Gulf of
Mexico, and were another element missing from this model. The number of Clapper
Rails killed in tropical storm events is poorly known, but Hurricane Katrina reduced
breeding densities of Clapper Rails in Mississippi by 70% (Rush et al. 2018). Addition of
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a hurricane procedure may be important in assessing Clapper Rail response to future
conditions, especially where rails are at low population size, and because tropical storms
are expected to increase in frequency and severity (Emanuel 2005, Webster et al. 2005,
Holland and Bruyère 2014).
The key question in interpreting my IBM results as they currently stand is “Will
Clapper Rail populations respond to changes in emergent marsh ecological state?”
Female Clapper Rails showed a decline in total population numbers at both Mississippi
sites in conjunction with loss of marsh habitat. Assuming conditions remain relatively
stable for Clapper Rails to nest and survive, they will likely not show acute losses at
Grand Bay. The extent of decline in female population size differed between the two
marsh systems and was tied to total emergent marsh lost. At Grand Bay, female
population size dropped from approximately 1000 rails in 2009 to 700 rails in 2100. The
Pascagoula River showed more extensive losses of approximately 1250 rails in 2010 to
250 in 2100. A population reduction of that extent would likely be considered acute,
though the steep decline in population occurred between 2025 and 2075. This suggests
that the ability for rails to be indicators of the ecological state of the marsh may vary by
site based on local predictions to habitat loss and change. For Clapper Rails, site-specific
characteristics will likely be needed to assess their response to SLR if this model were to
be used for other sites, as their abundance varied at my sites by marsh types and estuary
systems. Even among two Atlantic coast marshes, species distribution models calibrated
for one marsh were poor predictors at another for Clapper Rails (Roach et al. 2017), and
results from site specific IBMs may likely be poor predictors to other marshes as well.
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Exhibited change in modeled Clapper Rail populations through the effects of SLR
reveal that Clapper Rails can be acute indicators of emergent marsh ecological state. In
addition to my IBM results, Clapper Rails show promise as an indicator species as
described for other wetland birds through the decrease in population with relation to
habitat change and loss (Ormerod, and Tyler 1993, Mattsson B. J. and Cooper R. J. 2006,
Cooper et al. 2009). Currently, Clapper Rails show the greatest occupancy of any marsh
bird in northern Gulf of Mexico marshes based on the surveys performed at my two study
sites (Rush et al. 2009). While there are several gaps remaining in our knowledge of
Clapper Rail life history (i.e., juvenile mortality rates, dispersal distance, and site
fidelity), other work has been done that can continue to tie rails to marsh change,
extending their capacities as integrated indicators of conditions within coastal systems.
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Triangular
Point Value
Triangular
Random
Point Value
Uniform
Point Value

Juvenile Mortality

Nest Success

Number of offspring

Dispersal Range

Renesting Attempts

Nest Success
Reduction

Zero-inflated Poisson,
Represented as binomial and
Poisson

Density Limit

Adult Survival

Distribution

0.1–0.3

1–5

5 patches, approximately 1115 m

2–4

0.38, 0.62, 0.79

0.88–0.90

0.53, 0.76, 0.90

Grand Bay
Regularly Flooded:
Binomial(1, 1.00)*Poisson (0.46)
Irregularly Flooded:
Binomial(1, 0.48)*Poisson(2.36)
Pascagoula River
Both marsh types:
Binomial(1, 0.39)*Poisson(2.72)

Values

Kozicky and Schmidt 1949, Blandin
1963, Gaines et al. 2003, Rush et al.
2012
Unknown

Unknown

(Rush et al. 2018)

(Rush et al. 2010c)

Unknown, based on model calibration

Feura Thesis

(Rush et al. 2009), Adams unpublished
data

Source/Rationale

Parameter estimates used to populate the individual-based model for Clapper Rail populations in the Grand Bay
National Estuarine Research Reserve and the Pascagoula River Marshes Coastal Preserve in Jackson County,
Mississippi.

Parameter

Table 3.1

Table 3.2

Probability of extinction in a set of 500 simulations for a given scenario at
Grand Bay National Estuarine Research Reserve and the Pascagoula River
Marshes Coastal Preserve, Jackson County, Mississippi.

Probability of
Juvenile
Death

SLR
Detriment to
Nest Success:
Irregularly
Flooded
Marsh

SLR
Detriment to
Nest Success:
Regularly
Flooded
Marsh

Grand
Bay
2075

Grand
Bay
2100

Pascagoula
River 2075

Pascagoula
River 2100

0.88

None

None

0.000

0.000

0.000

0.000

0.89

None

None

0.000

0.000

0.000

0.000

0.9

None

None

0.000

0.000

0.000

0.000

0.88

0.1

0.1

0.000

0.000

0.000

0.000

0.88

0.1

0.2

0.000

0.000

0.000

0.000

0.88

0.1

0.3

0.000

0.000

0.000

0.000

0.88

0.2

0.1

0.000

0.000

0.000

0.000

0.88

0.2

0.2

0.000

0.000

0.000

0.000

0.88

0.2

0.3

0.004

0.000

0.008

0.068

0.88

0.3

0.1

0.000

0.014

0.000

0.000

0.88

0.3

0.2

0.000

0.070

0.016

0.066

0.88

0.3

0.3

0.124

0.196

0.318

0.494

0.89

0.1

0.1

0.000

0.000

0.000

0.000

0.89

0.1

0.2

0.000

0.000

0.000

0.000

0.89

0.1

0.3

0.000

0.000

0.000

0.008

0.89

0.2

0.1

0.000

0.000

0.000

0.002

0.89

0.2

0.2

0.000

0.000

0.012

0.062

0.89

0.2

0.3

0.042

0.006

0.092

0.272

0.89

0.3

0.1

0.000

0.062

0.000

0.014

0.89

0.3

0.2

0.006

0.290

0.114

0.312

0.89

0.3

0.3

0.426

0.458

0.560

0.756

0.9

0.1

0.1

0.000

0.000

0.000

0.000

0.9

0.1

0.2

0.000

0.000

0.000

0.028

0.9

0.1

0.3

0.004

0.000

0.014

0.134

0.9

0.2

0.1

0.000

0.030

0.010

0.032

0.9

0.2

0.2

0.04

0.056

0.114

0.262

0.9

0.2

0.3

0.300

0.100

0.366

0.562

0.9

0.3

0.1

0.000

0.348

0.038

0.116

0.9

0.3

0.2

0.126

0.548

0.402

0.564

0.9

0.3

0.3

0.646

0.738

0.816

0.864
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Table 3.3

Probability of a Clapper Rail population to end below 25 individuals in a
set of 500 simulations for a given scenario at Grand Bay National Estuarine
Research Reserve and the Pascagoula River Marshes Coastal Preserve,
Jackson County, Mississippi.

Probability of
Juvenile
Death

SLR
Detriment to
Nest Success:
Irregularly
Flooded
Marsh

SLR
Detriment to
Nest Success:
Regularly
Flooded
Marsh

Grand
Bay
2075

Grand
Bay
2100

Pascagoula
River 2075

Pascagoula
River 2100

0.88

None

None

0.000

0.000

0.000

0.000

0.89

None

None

0.000

0.000

0.000

0.000

0.9

None

None

0.000

0.000

0.000

0.000

0.88

0.1

0.1

0.000

0.000

0.000

0.000

0.88

0.1

0.2

0.000

0.000

0.000

0.002

0.88

0.1

0.3

0.000

0.000

0.000

0.052

0.88

0.2

0.1

0.000

0.000

0.000

0.000

0.88

0.2

0.2

0.000

0.002

0.030

0.204

0.88

0.2

0.3

0.380

0.022

0.478

0.794

0.88

0.3

0.1

0.000

0.464

0.000

0.032

0.88

0.3

0.2

0.068

0.870

0.588

0.732

0.88

0.3

0.3

0.870

0.800

0.678

0.506

0.89

0.1

0.1

0.000

0.000

0.000

0.000

0.89

0.1

0.2

0.000

0.000

0.004

0.102

0.89

0.1

0.3

0.062

0.000

0.046

0.502

0.89

0.2

0.1

0.000

0.080

0.010

0.046

0.89

0.2

0.2

0.196

0.356

0.556

0.728

0.89

0.2

0.3

0.880

0.596

0.828

0.714

0.89

0.3

0.1

0.000

0.828

0.150

0.396

0.89

0.3

0.2

0.714

0.710

0.850

0.680

0.89

0.3

0.3

0.574

0.542

0.440

0.244

0.9

0.1

0.1

0.000

0.002

0.024

0.152

0.9

0.1

0.2

0.190

0.008

0.348

0.750

0.9

0.1

0.3

0.608

0.016

0.556

0.792

0.9

0.2

0.1

0.016

0.724

0.432

0.666

0.9

0.2

0.2

0.850

0.884

0.864

0.728

0.9

0.2

0.3

0.700

0.852

0.632

0.438

0.9

0.3

0.1

0.138

0.650

0.696

0.790

0.9

0.3

0.2

0.866

0.452

0.596

0.436

0.9

0.3

0.3

0.354

0.262

0.184

0.136
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Grand Bay:
Irregularly
Flooded Marsh
827
-3%
801
-11%
720
-53%
470
-405%
93
-89%

Grand Bay:
Regularly
Flooded Marsh
112
-26%
89
39%
146
56%
333
43%
584
421%

-28%

677

-19%

803

-8%

866

-3%

890

-6%

79%

161

-71%

276

-73%

478

62%

183

51%

Pascagoula
Grand Bay: River:
Total Marsh Regularly
Flooded Marsh
939
90

-86%

156

-43%

223

-127%

506

-104%

1030

-12%

Pascagoula
River:
Irregularly
Flooded Marsh
1149

-74%

317

-57%

499

-97%

984

-23%

1213

-2%

1239

Pascagoula
River: Total
Marsh

Number of 5 ha patches and reported percent change for Grand Bay National Estuarine Research Reserve and the
Pascagoula River Marshes Coastal Preserve, Jackson County, Mississippi for each discreet time interval from
SLAMM predictions.

2009/2010
Percent
Change
2025
Percent
Change
2050
Percent
Change
2075
Percent
Change
2100
Total
Change

Table 3.4

Figure 3.1

Example depiction of a raster loaded into Netlogo for Grand Bay National
Estuarine Research Reserve in Jackson County, Mississippi.

Triangles represent individual Clapper Rails within 5 ha patches, green patches represent
regularly flooded marsh and brown patches represent irregularly flooded marsh
predictions generated by SLAMM for the year 2009 and based on a SLR scenario of 1m
by 2100.
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Figure 3.2

Example depiction of a raster loaded into Netlogo for Grand Bay National
Estuarine Research Reserve in Jackson County, Mississippi.

Triangles represent individual Clapper Rails within 5 ha patches, green patches represent
regularly flooded marsh and brown patches represent irregularly flooded marsh
predictions generated by SLAMM for the year 2100 and based on a SLR scenario of 1m
by 2100.
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Figure 3.3

Example depiction of a raster loaded into Netlogo for the Pascagoula River
Coastal Preserve in Jackson County, Mississippi.

Triangles represent individual Clapper Rails within 5 ha patches, green patches represent
regularly flooded marsh and brown patches represent irregularly flooded marsh
predictions generated by SLAMM for the year 2010 and based on a SLR scenario of 1m
by 2100.
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Figure 3.4

Example depiction of a raster loaded into Netlogo for the Pascagoula River
Coastal Preserve in Jackson County, Mississippi

Triangles represent individual Clapper Rails within 5 ha patches, green patches represent
regularly flooded marsh and brown patches represent irregularly flooded marsh
predictions generated by SLAMM for the year 2100 and based on a SLR scenario of 1m
by 2100.
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Figure 3.5

Flow chart depicting Netlogo procedures. Processes depicted prior to
initialization are parts of the initialization procedure.

64

Figure 3.6

Flow chart depicting the reproduction procedure. Renesting repeats as
designated per individual Clapper Rail renesting variable and double
brooding can only take place if the first nesting attempt is successful.
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Figure 3.7

Average number of Clapper Rails across all time steps for 500 iterations of
baseline simulations with no detriment to nest success for Grand Bay (GB)
and the Pascagoula River (PR) from the initial condition to the year 2100.
Whiskers represent a 95% confidence interval.
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Figure 3.8

Average number of Clapper Rails across all time steps for 500 iterations of
baseline simulations with 0.1 detriment (10% decrease) to nest success for
Grand Bay (GB) and the Pascagoula River (PR) from the initial condition
to the year 2100. Whiskers represent a 95% confidence interval.
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Figure 3.9

Average number of Clapper Rails across all time steps for 500 iterations of
baseline simulations with 0.2 detriment (20% decrease) to nest success for
Grand Bay (GB) and the Pascagoula River (PR) from the initial condition
to the year 2100. Whiskers represent a 95% confidence interval.
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Figure 3.10

Average number of Clapper Rails across all time steps for 500 iterations of
baseline simulations with 0.3 detriment (30% decrease) to nest success for
Grand Bay (GB) and the Pascagoula River (PR) from the initial condition
to the year 2100. Whiskers represent a 95% confidence interval.
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Figure 3.11

Average number of Clapper Rails in the final time step for 500 iterations of
baseline simulations with no detriment to nest success for Grand Bay (GB)
and the Pascagoula River (PR) from the initial condition to the year 2100.
Whiskers represent a 95% confidence interval.
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Figure 3.12

Average number of Clapper Rails in the final time step for 500 iterations of
baseline simulations with 0.1 detriment (10% decrease) to nest success for
Grand Bay (GB) and the Pascagoula River (PR) from the initial condition
to the year 2100. Whiskers represent a 95% confidence interval.
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Figure 3.13

Average number of Clapper Rails in the final time step for 500 iterations of
baseline simulations with 0.2 detriment (20% decrease) to nest success for
Grand Bay (GB) and the Pascagoula River (PR) from the initial condition
to the year 2100. Whiskers represent a 95% confidence interval.
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Figure 3.14

Average number of Clapper Rails in the final time step for 500 iterations of
baseline simulations with 0.3 detriment (30% decrease) to nest success for
Grand Bay (GB) and the Pascagoula River (PR) from the initial condition
to the year 2100. Whiskers represent a 95% confidence interval.
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Figure 3.15

Population growth rate of Clapper Rail populations for 500 iterations of
baseline simulations with no detriment to nest success for Grand Bay (GB)
and the Pascagoula River (PR) from the initial condition to the year 2100.
Whiskers represent a 95% confidence interval.
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Figure 3.16

Population growth rate of Clapper Rail populations for 500 iterations of
scenarios with a 0.1 detriment (10% decrease) to nest success for Grand
Bay (GB) and the Pascagoula River (PR) from the initial condition to the
year 2100. Whiskers represent a 95% confidence interval.
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Figure 3.17

Population growth rate of Clapper Rail populations for 500 iterations of
scenarios with a 0.2 detriment (20% decrease) to nest success for Grand
Bay (GB) and the Pascagoula River (PR) from the initial condition to the
year 2100. Whiskers represent a 95% confidence interval.
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Figure 3.18

Population growth rate of Clapper Rail populations for 500 iterations of
scenarios with a 0.3 detriment (30% decrease) to nest success for Grand
Bay (GB) and the Pascagoula River (PR) from the initial condition to the
year 2100. Whiskers represent a 95% confidence interval.
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